liferating cell nuclear antigen and heat shock protein 60 are attenuated by this compound. These results offer a possible mechanism and promising clinical treatment for vascular diseases initiated by increased cyclic strain.
thickening necessitating intracoronary stenting, cyclic strain is elevated as a result of increased pulse pressure due to increased stiffness of the arterial wall. This induces localized vessel remodeling, and is accompanied by an atherogenic endothelium [3, 6] . Pathological strain is modeled in vitro as about 20% [6] [7] [8] [9] [10] . By implementing a cyclic strain model, it is possible to mimic certain hemodynamic conditions associated with the development of atherosclerosis and thereby study it from a mechanistic point of view.
To study transcriptional changes occurring in vasculoproliferative disease, we investigated potential parallels in cancer research. The oncogene c-Myc is known to be involved in the modification of cell cycle-related events (proliferation, differentiation and apoptosis), and emerging cancer therapies target inhibition of c-Myc expression [11] . For treatment of cardiovascular diseases, attempts have been made to downregulate c-Myc by using antioxidants, RNA synthesis inhibitors or antisense oligonucleotides [12] .
The approach in the present study differs in using a small molecule inhibitor against the c-Myc promoter. c-Myc transcription takes place when transcriptional factors, such as Sp1, heterogeneous nuclear ribonucleoprotein K (hnRNP K) and cellular nucleic acid-binding protein (CNBP), bind to the nuclease hypersensitivity element (NHE III 1 ) in the c-Myc promoter. A highthroughput assay was used to identify compounds able to repress c-Myc gene expression by binding to the silencer element of the c-Myc promoter, thereby preventing the binding of hnRNP K and CNBP to the c-Myc promoter [13, 14] .
This study examines the functional contributions of c-Myc to the EC cyclic strain response. Our findings indicate that pathogenic levels of cyclic strain (20%) activate the c-Myc promoter, causing a 2.5-fold increase in c-Myc mRNA and a 2-fold increase in c-Myc protein expression in human umbilical vein endothelial cells (HU-VEC) as well as a 4-fold upregulation in c-Myc protein in human aortic endothelial cells (HAEC). In HUVEC, this upregulation peaked at 1.5-2 h and returned to basal levels by 3 h. The compound targeting the silencer element of the c-Myc promoter attenuated cyclic strain-induced c-Myc transcription by about 50%. This inhibitor also decreased cyclic strain-induced gene and protein expression of vascular endothelial growth factor (VEGF), proliferating cell nuclear antigen (PCNA) and heat shock protein 60 (HSP60), all downstream genes regulated by c-Myc and related to cardiovascular disease.
Materials and Methods

Materials
CytoTox-ONE TM Homogeneous Membrane Integrity Assay (necrosis), Apo-ONE Homogeneous Caspase-3/7 Assay (apoptosis) and CellTiter 96 Nonradioactive Cell Proliferation Assay were purchased from Promega.
Cell Culture
Pooled HUVEC (Cambrex) were grown to confluence in complete media (Media-199; Cellgro), 20% fetal bovine serum (Cellgro), 25 mg/ml purified endothelial mitogen (Biomedical Technologies), 2 m M L -glutamine (Cellgro), 2.5 U/ml heparin sodium (American Pharmaceutical Partners), 50 U/ml penicillin (Cellgro) and 50 g/ml streptomycin (Cellgro), and maintained at 37 ° C in the presence of humidified 5% CO 2 /95% air. HUVEC were used in experiments at passage 4-5. Pooled HAEC (Lonza) were grown to confluence in EGM-2 medium (Clonetics), and were used at passage 5 in experiments.
Cell suspensions (1 ! 10 6 cells in 1 ml of media) were seeded onto 4 ! 4 cm silicone membranes (Specialty Manufacturing) precoated with 1% gelatin and crosslinked with 0.5% glutaraldehyde [15] . Twelve hours prior to cyclic strain, complete media were replaced with quiescent media, which have 5% serum and do not contain endothelial growth factor or heparin.
Cyclic Strain Experiments
Cells were subjected to cyclic strain (1 Hz, 10 or 20% strain) as previously described [16] . This model incorporated a motion control, which simulates the fluid agitation (low level reversing shear stress) of the cyclic strain condition to which the cells might respond [16, 17] . An additional control utilized cells cultured on membranes maintained under static incubation without any fluid motion. Immediately after stretch and, if applicable, drug exposure, membranes were removed from the cyclic strain chambers and washed with ice-cold 1 ! PBS. Cells were detached with a sterile cell scraper and collected in fresh 1 ! PBS for RNA and protein analysis.
Compound 0012
The structure of compound 0012, which targets the c-Myc promoter, was authenticated through nuclear magnetic resonance and liquid chromatography mass spectrometry. This synthetic aromatic compound prevents transcription of c-Myc by stabilizing the NHE III 1 in the c-Myc promoter. This region controls up to 90% of the transcriptional activity of this gene occurring at the predominant c-Myc promoters [18] . The NHE III 1 sequence includes an inordinate number of guanine residues on one strand and the corresponding cytosine residues on the opposing strand. The unique G-rich and C-rich sequences impart a special property to DNA in this region -the ability of NHE III 1 to convert to a single-stranded region in which the purine-rich strand adopts a G-quadruplex structure [19, 20] . This G-quadruplex structure has been shown to be the silencer element [11, 14] . As a consequence of compound 0012 binding to and stabilizing this silenced form, the binding proteins of transcriptional factors hnRNP K and CNBP, which directly mediate transcriptional activation, can be prevented from binding. In other words, by transforming the purine-rich sequence of the NHE III 1 to a parallel G-quadruplex structure, hnRNP K and CNBP cannot bind. The compound 0012 binds to the parallel G-quadruplex structure and thereby silences c-Myc gene expression [11] .
Preparation of Compound 0012
Lyophilized compound 0012 was resuspended in 100% sterile DMSO at 10 m M and frozen at -20 ° C. At the onset of cyclic strain, the compound was diluted in quiescent media to a final concentration of 5 M . Equal protein loading was verified by mouse-anti-( ␤ -actin) monoclonal antibody (Sigma-Aldrich). Western blots were quantified using densitometry (Kodak EDAS 1D Imaging System).
Quantitative RT-PCR
Data Analysis
Statistical comparisons were evaluated with Student's t test. Data are given as mean 8 SEM. Significance was defined as p value ! 0.05 or ! 0.01.
Results
Cyclic Strain Transiently Increases c-Myc mRNA and Protein Expression
Upon exposure of HUVEC to 20% cyclic strain, c-Myc mRNA increased to a maximum at 1-2 h (1 h: 2.6 8 0.5-fold increase vs. static; 2 h: 2.5 8 0.4-fold increase vs. static), and returned to baseline after 3 h ( fig. 1 a) . In contrast, c-Myc mRNA was not significantly affected in cells subjected to motion control. In HUVEC, Western blots demonstrated that c-Myc protein peaked at 1-2 h (1 h: 1.8 8 0.1-fold increase vs. static; 2 h: 1.9 8 0.6-fold increase vs. static) and returned to basal levels by 4 h. In HAEC, c-Myc protein increased 4.2 8 0.7-fold versus static after 2 h of cyclic strain ( fig. 1 b) .
c-Myc mRNA Is Induced by Pathogenic Levels of Cyclic Strain
The threshold magnitude of strain necessary to induce c-Myc mRNA in cultured HUVEC was determined by exposing cells to 5, 10, 15 or 20% cyclic strain for 1.75 h at 1 Hz ( fig. 1 c) . Induction of c-Myc mRNA was significant upon exposure to higher levels of cyclic strain (15%: 2.0 8 0.4-fold increase vs. static; 20%: 3.2 8 0.5-fold increase vs. static). The c-Myc mRNA expression at 20% cyclic strain is over 2-fold higher than that at 10%.
Compound 0012 Is Not Cytotoxic
To study whether cyclic strain-induced c-Myc transcription can be attenuated, the strain protocol was repeated in the presence of a compound targeted to the cMyc promoter. Compound 0012, developed by the University of Arizona, stabilizes the silencer element of the c-Myc promoter by stabilizing the NHE III 1 region.
Incubation with compound 0012 produced no changes in cell morphology or detachment of cells. The LD 50 , the concentration of drug at which 50% of HUVEC die, was determined to be greater than 100 M . For the concentration utilized (5 M ), extrapolation of the data predicts an 84% cell survival rate compared with untreated HUVEC. Cell injury was evaluated by measuring cellular caspase-3/7 activity and lactate dehydrogenase activity in cell culture media. Caspase-3/7 and LDH activity from cells subjected to cyclic strain and compound 0012 for 1-3 h were not significantly different from untreated cyclically-strained control cells (data not shown).
c-Myc Transcriptional Activation Can Be Modulated by Compound 0012
At maximum c-Myc expression, compound 0012 prevented the upregulation of c-Myc mRNA expression during exposure of HUVEC to cyclic strain (1 h: 33% decrease vs. untreated HUVEC; 2 h: 28% decrease vs. untreated HUVEC; fig. 2 a) . Western blots demonstrated that cyclic strain-induced c-Myc expression can also be attenuated at the protein level (1 h: 55% decrease vs. untreated HUVEC; 2 h: 64% decrease vs. untreated HUVEC). Thus, not only are c-Myc mRNA and protein expression induced by cyclic mechanical strain at least in part though the promoter region, this expression can be attenuated by stabilizing the c-Myc silencer element.
Downstream Target Genes of c-Myc
We next examined mRNA and protein expression of genes which may be directly regulated by c-Myc protein. PCNA, HSP60 and VEGF have been identified as both regulated by c-Myc and playing a significant role in the progression of cardiovascular disease.
Cyclic Strain Transiently Increases PCNA mRNA and Protein Expression
Exposure of HUVEC to varying time periods of cyclic strain (1 Hz, 20%) resulted in transient increases in PCNA mRNA and protein expression ( fig. 3 ) . PCNA was reproducibly induced maximally by 20% cyclic strain at 2-5 h. Induction of this gene was first detectable at 2 h (1.
Compound 0012 Attenuates PCNA Expression
Compared with cyclically-strained untreated HU-VEC, compound 0012 significantly attenuated PCNA expression at both the mRNA and protein levels. For mRNA expression ( fig. 3 a) , this response was seen after 2-5 h of cyclic strain (2 h: 46% decrease vs. untreated HUVEC; 3 h: 63% decrease vs. untreated HUVEC; 4 h: 45% decrease vs. untreated HUVEC; 5 h: 43% decrease vs. untreated HUVEC). Western blots demonstrated that cyclic strain-induced PCNA expression can also be modulated at the protein level (2 h: 31% decrease vs. untreated HUVEC; 6 h: 32% decrease vs. untreated HU-VEC; fig. 3 b) . Thus, by silencing c-Myc expression through the use of compound 0012, the cyclic strain-induced expression of PCNA mRNA and protein can be attenuated.
Cyclic Strain Transiently Increases VEGF mRNA and Protein Expression
Exposure of HUVEC to varying time periods of cyclic strain (1 Hz, 20%) increased VEGF mRNA and protein expression ( fig. 4 ) . Induction of VEGF was first detectable at 2 h (2.9 8 0.5-fold vs. static), sustained at 3 h (2. fig. 4 a) . Western blots demonstrated that compound 0012 attenuated cyclic strain-induced VEGF protein expression (2 h: 19% decrease vs. untreated HUVEC; 4 h: 53% decrease vs. untreated HUVEC; 6 h: 31% decrease vs. untreated HUVEC; fig. 4 b) . Thus, by silencing c-Myc expression through the use of compound 0012, the upregulation of VEGF mRNA and protein expression can be attenuated. 
Cyclic Strain Increases HSP60 mRNA and Protein Expression in a Time-Dependent Manner
Compound 0012 Attenuates HSP60 Expression
Compared with untreated HUVEC, compound 0012 attenuated HSP60 protein expression. Although the effect of compound 0012 is not significant for mRNA expression at early time points, incubation with compound 0012 inhibited HSP60 expression at 4 h (11% decrease vs. untreated HUVEC), 5 h (32% decrease vs. untreated HUVEC) and 6 h (45% decrease vs. untreated HUVEC).
Cyclic strain-induced HSP60 protein expression is significantly inhibited by compound 0012 at 4 h (50% decrease vs. untreated HUVEC). Thus, by silencing c-Myc expression through the use of compound 0012, the cyclic strain-induced expression of HSP60 mRNA and protein can be attenuated.
Discussion
The principal goal of this study is to offer a possible mechanism which might lead to a promising clinical treatment for vascular diseases initiated by increased cyclic strain. The unifying theory is that higher levels of uniaxial cyclic strain (15-20%) lead to c-Myc transcription and downstream gene induction, which, in sum, contribute to the generation of vascular proliferative diseases. In order to substantiate this hypothesis, this study verifies that induction of c-Myc mRNA and protein expression only occur at elevated levels of cyclic strain (15-20%), which is within the range of pathological strain [6, 7] . This 2.5-fold upregulation peaks in the 1.5-to 2-hour range and falls to basal levels by 3 h.
Additionally, since fluid agitation may alter gene expression, our cyclic strain system takes into account the fluid agitation inherent in the strain apparatus, by including a motion control condition. In Sung et al. [21] , we found that the motion control response of human aortic endothelial cells was more robust than the response to cyclic strain, as indicated by several indicators of oxidative stress. The devices used in many strain studies do not allow for a motion control; therefore, many of the reported cellular responses to cyclic strain have not been confirmed as actual cyclic strain responses. The inclusion of a motion control condition allows evaluation of whether fluid agitation is important in the regulation of the expression of genes of interest in the study. With any in vitro cyclic strain model, cells are concomitantly exposed to low fluid motion-induced oscillating shear stress and convective transport due to fluid agitation from piston motion [16, 17] . Previous studies from our laboratory have shown that fluid motion from the motion control condition increased production of ET-1 and prostacyclin, albeit not as much as in strained cells [17] . In more recent work, the motion controls gave similar results to the static controls in studies of PAR-1 gene expression [22] . In the present study, we found that the motion control condition had no significant effect on c-Myc expression ( fig. 1 a  and c) .
Recently, Kuo et al. [9] showed that EC survival was increased by 5% cyclic strain while 20% cyclic strain decreased EC survival and tubulogenesis. Sadoshima et al. [23] reported that 20% uniaxial cyclic straining of cardiac myocytes transiently increased c-Myc mRNA at 1 h. Other groups have investigated the effects of shear stress on c-Myc. Hsieh et al. [24] found that 4 and 10 dynes/cm 2 shear stress significantly increased c-Myc protein expression. These levels peaked at 1.5 h and fell to basal levels by 2.5 h. Similarly, Li et al. [25] demonstrated that 1 Hz pulsatile flow (average shear stress of 16 dynes/cm 2 ) caused slight increases in c-Myc mRNA levels, which peaked at 2 h and returned to basal levels by 4 h.
Having provided evidence that pathogenic levels of cyclic strain lead to c-Myc transcription, our subsequent studies were aimed at determining if this induction was due to activation of the c-Myc promoter and, more importantly, if this activation could be modulated. We employed the small-molecule compound 0012, which specifically targets the c-Myc promoter. The success of this compound in attenuating cyclic strain-induced c-Myc mRNA and protein expression (50% decrease) indicates that c-Myc expression is upregulated, at least in part, through activation of the promoter region of c-Myc.
With the establishment that compound 0012 can reduce c-Myc expression, the possibility of also modulating the downstream genes of c-Myc, particularly those related to vascular disease, was investigated. c-Myc has been identified as playing important roles in vascular disease differential gene expression profiles [26] [27] [28] [29] [30] . Although transient, since expression of c-Myc in the normal cell is tightly regulated, this expression change has enormous implications for downstream targets. In fact, c-Myc is referred to as a 'global regulator of transcription' because it controls the expression of about 15% (3,000-4,000 genes) of the genome [31] . These target genes are involved in proliferation, apoptosis, metabolism, migration and remodeling.
Accordingly, pertinent c-Myc target genes were chosen on the basis of their roles in these initiation events. The selected genes, VEGF, HSP60 and PCNA, are 3 markers often monitored for initiation and progression of vascular pathologies [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . PCNA is identified as playing an important role in vascular remodeling (proliferation, migration and phenotypic change). The expression of PCNA is frequently used to determine the proliferation activity of endothelial cells in restenotic tissue [42] and matrix accumulation in neointimal vasculature [34] obtained from porcine coronary angioplasty. HSP60 is recognized as a marker for early cardiovascular disease because elevated levels have been identified in patients with borderline hypertension and early atherosclerosis [37] . Lastly, VEGF, although necessary for maintaining hemostasis, is essential to the development of restenosis found in atherosclerotic and restenotic lesions compared with normal healthy tissue [43, 44] .
Although each gene can be isolated to determine its individual role in proliferative vascular disease, it may be their concerted effects that result in decreased vessel lumen size. Together, these genes are key players in the vasculoproliferative cascade, beginning with regulation of the cell cycle and the inflammatory response, and culminating with vascular remodeling. Examination of the reported mRNA and protein expression profile of each gene presents the opportunity to propose a potential timeline governing this proliferative process. From our results, it is reasonable to postulate that upregulation of c-Myc triggers the expression of PCNA and VEGF, followed by HSP60. These time points can be further substantiated by extrapolating to the known progression of events in vivo.
Animal studies suggest that vascular cell proliferation is the prevailing event in the initiation of vascular diseases [45] . Not only are PCNA, VEGF and HSP60 intimately linked to regulating the cell cycle, each gene mediates its effects at a different phase. Thus, their concerted expression allows direct cell cycle regulation at the G1, S and G2 phases. VEGF can directly stimulate cell cycle progression from the G1 to the S phase [46] and can mediate indirect effects through cell cycle regulators p27 and p130 [47] . PCNA is essential for the S phase of the cell cycle. Last, heat shock proteins protect cells from apoptosis and reverse cell arrest in the G2 phase [48] . Upon intimal injury, there is early cell proliferation, which is likely mediated by the expression of HSP60 and PCNA. Next, arterial remodeling begins at the injury site, which, similar to the reported expression of VEGF, is sustained. In addition, the implicated roles of VEGF, such as wound healing, neovascularization and endothelial cell migration [40] , are pivotal to vascular remodeling. Hence, these parallels corroborate the argument that remodeling is at least partly accomplished through the activation of VEGF.
Our findings indicate that the upregulation of c-Myc by cyclic strain leads to expression of these 3 c-Myc downstream genes. By employing compound 0012 to silence the c-Myc promoter, we are able to prevent, to varying degrees, the expression of PCNA, VEGF and HSP60. It should be noted that other c-Myc downstream genes, such as matrix metalloproteinase-9 and cyclin-dependent kinase 4, implicated in the progression of vascular proliferative disease, warrant future studies.
A promising contribution of this research is the identification of a possible novel treatment for vascular disease. Restenosis after surgical intervention is a major clinical problem, occurring in 30-50% of patients [49, 50] . Anticoagulants, anti-inflammatory and anti-proliferative drugs have been unsuccessful at preventing restenosis [39] . Since restenosis after stent placement often results in intimal hyperplasia, stent coatings with drugs or nonpharmaceutical agents may reduce in-stent restenosis. However, since the currently employed drugs fail to specifically target the factors involved in the vascular injury caused by surgical implantation, there are complications known as 'late stent thrombosis'. The antiproliferative agents prevent the growth of endothelial cells onto the stent, thereby increasing the tendency for blood clotting on the stent. This complication is generally avoided in bare metal stents because they promote the growth of a smooth thin layer of endothelial cells, incorporating the device into the artery.
A possible solution could be a drug-eluting stent that employs a novel small molecule compound, such as compound 0012, which acts at the transcriptional control level to specifically modulate the factors involved in vascular injury. Drugs that target transcriptional factors instead of signaling molecules, which are upstream of signaling cascades, are advantageous because there is less likely to be redundancy due to upregulation of parallel pathways, resulting in drug resistance. On the basis of these ideal drug characteristics and the data reported here, compound 0012 is an excellent candidate for the treatment of in-stent restenosis.
Results demonstrate the effectiveness of compound 0012 in not only reducing c-Myc protein expression by more than 50%, but also in decreasing the expression of downstream genes (VEGF, HSP60 and PCNA) that contribute to vascular remodeling pathologies. It can be postulated, on the basis of the roles of these genes, that compound 0012 inhibits key targets in the cell cycle, while also potentially preventing inflammation and vascular remodeling.
In summary, our results indicate that pathological levels of cyclic strain upregulate the transcription factor cMyc. This event can be effectively modulated by using a compound that prevents c-Myc transcription at the promoter region. More importantly, the expression of downstream genes of c-Myc, which contribute to vascular remodeling, can also be attenuated. These findings may help in the development of a novel therapeutic opportunity in vascular diseases.
